Accurate spectroscopic constants and electrical properties of small molecules are determined by means of W4 and post-W4 theories. For a set of 28 first-and second-row diatomic molecules for which very accurate experimental spectroscopic constants are available, W4 theory affords near-spectroscopic or better predictions. Specifically, the root-mean-square deviations (RMSD) from experiment are 0.04 pm for the equilibrium bond distances (r e ), 1.03 cm −1 for the harmonic frequencies (ω e ), 0.20 cm −1 for the first anharmonicity constants (ω e x e ), 0.10 cm −1 for the second anharmonicity constants (ω e y e ), and 0.001 cm −1 for the vibration-rotation coupling constants (α e ).
I. INTRODUCTION
Since the early 1990s, there has been growing interest in calculating accurate ab initio anharmonic force fields for small molecules. There are two aspects to be considered: (i) the nuclear vibrational analysis, and (ii) the level of the electronic structure calculations.
For diatomic molecules (i) is relatively straightforward using a Dunham analysis, and for rigid triatomic molecules, such as those considered in the present work, (i) entails no serious problems. As for (ii), for systems with mild to moderate nondynamical correlation effects, the accuracy of CCSD(T) basis set limit results is on the order of 5-10 cm −1 for harmonic frequencies 1-5 and 0.1-0.5 pm for bond lengths. 1, 2, 6, 7 To surpass this level of accuracy (or when considering molecules with more pronounced multireference character such as C 2 , BN, BeO, and O 3 ) one should consider multireference methods [8] [9] [10] or post-CCSD(T)
contributions. [4] [5] [6] [7] 11 Recently, Mintz et al. 12 have applied the multireference ccCA method 13 to compute the potential energy curves of N 2 and C 2 ; they obtained errors of ∼0.06 pm for the bond lengths and ∼2 cm −1 for the harmonic frequencies.
The determination of very precise molecular energies (atomization energies or enthalpies of formation) has been one of the primary goals of composite ab initio methods. It has been
shown that highly accurate thermochemical protocols such as HEAT [14] [15] [16] and W4 17, 18 are capable of sub-kJ/mol accuracy on average (see Ref. 19 for a recent review). In particular, W4 theory obtains a root mean square deviation (RMSD) of 0.08 kcal/mol against a test set of 25 first-and second-row small molecules for which very accurate ATcT 20 atomization energies are available. This implies a 95% confidence interval of ∼0.16 kcal/mol; the mean signed deviation (MSD) of just -0.01 kcal/mol suggests that W4 is free of systematic bias.
Worst-case errors for problematic molecules are < 1 kJ/mol: for example, for F 2 O 2 , 21 C 2 , extrapolation formula.
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-The RCCSD valence correlation energy is calculated from these same basis sets.
Following the suggestion of Klopper, 34 it is partitioned into singlet-coupled pair energies, triplet-coupled pair energies, andT 1 terms. The singlet-coupled and triplet-coupled pair energies are extrapolated using the A + B/L α two-point extrapolation formula (where L is the highest angular momentum present in the basis set) with α S =3 and α T =5, respectively, and theT 1 term (which exhibits very weak basis set dependence) is set equal to that in the largest basis set.
-The (T) valence correlation energy is extrapolated from the aug'-cc-pV(Q+d)Z and aug'-cc-pV(5+d)Z basis sets using the A + B/L • W4[up to CCSD(T)] in addition includes inner-shell correlation and scalar relativistic contributions. The former is extrapolated from RCCSD(T)/aug'-cc-pwCVTZ and RCCSD(T)/aug'-cc-pwCVQZ energies using the A + B/L 3 two-point extrapolation formula, and the latter (in the second-order Douglas-Kroll-Hess approximation 37, 38 ) is obtained from the difference between non-relativistic CCSD(T)/aug'-pV(Q+d)Z and relativistic CCSD(T)/aug'-cc-pV(Q+d)Z-DK calculations.
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• W4[up to CCSDT] additionally includes higher-order connected triples,T 3 −(T), valence correlation contribution extrapolated from the cc-pVDZ and cc-pVTZ basis sets using the A + B/L 3 two-point extrapolation formula.
• In W4[up to CCSDTQ] the connected quadruples,T 4 , term is also included. The valence correlation (Q) andT 4 −(Q) contributions are calculated with the cc-pVTZ and cc-pVDZ basis sets, respectively. In Refs. 17, 18 we found that scaling their sum by 1.10 offers a very reliable (as well as fairly cost-effective) estimate of the basis set limit T 4 contribution.
• Adding the connected quintuple,T 5 , valence correlation contribution calculated with the sp part of the cc-pVDZ basis set -denoted cc-pVDZ(no d) -results in full W4 theory. TheT 5 contribution converges very rapidly with the basis set as it primarily represents static correlation.
17,18
W4 represents an approximation to the relativistic basis-set limit CCSDTQ5 energy. The DBOC contributions, calculated at the ROHF/aug'-cc-pVTZ level of theory, are reported separately in Tables I-V , and are included in the final error statistics presented in these tables.
For the smaller systems we also consider the post-W4 methods (W4.2 and W4.3) as defined in Ref. 17 The changes in W4.2 and W4.3 relative to W4 are summarized as follows:
• W4.2 theory in addition takes account of theT 3 −(T) correction to the core-valence contribution obtained using the cc-pwCVTZ basis set.
• In W4.3 all the valence post-CCSD(T) corrections are additionally upgraded: thê T 3 −(T) and (Q) corrections are extrapolated from the cc-pVTZ and cc-pVQZ basis sets, theT 4 −(Q) and T 5 corrections are calculated with the cc-pVTZ and cc-pVDZ basis sets, respectively, and theT 6 correction is calculated with the cc-pVDZ(no d) basis set.
Finally, for the pathologically multireference systems in Table VI (C 2 , BN, and BeO) we also consider two additional extensions of W4 theory:
• Replacing the regular correlation-consistent basis sets on electronegative atoms (N and O) with their augmented versions in all the valence post-CCSD(T) steps in W4 theory.
• Extrapolating the CCSD(T) inner-shell correlation contribution from larger basis sets, namely the aug-cc-pwCVQZ and aug-cc-pwCV5Z basis sets.
B. Vibrational analysis
For each of the diatomic molecules, a 21-point potential energy curve was calculated using the above-mentioned W4 (and related) theories. The single point energy calculations are carried out at bond distances r x = r expt. e + x (x = 0, ±1, ±2, . . . , ±10 pm), where r expt. e is the experimental equilibrium bond length. The spectroscopic constants (r e , ω e , ω e x e , ω e y e , and α e ) are obtained from a 6 th -8 th degree Dunham fit of the potential energy curves.
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For the triatomics CO 2 , H 2 O, and O 3 grids of all points required to generate the nonvanishing quadratic, cubic, and quartic force constants in symmetry-adapted internal coordinates are calculated using the above-mentioned W4 (and related) theories.
The convergence criteria throughout are tightened such that the SCF and coupled-cluster energies are converged to at least 10 −12 a.u.
C. Response properties
The dipole moments (µ), static polarizabilities (α), and static hyperpolarizabilities (β) from successive multiples of that grid size. The first-order (µ z ) and third-order (β zzz ) partial derivatives are obtained by means of a four point formula using static field strengths of ±h and ±2h. The second-order derivatives (α xx , α yy , and α zz ) are obtained through a five point formula using field strengths of 0, ±h, and ±2h. The mixed third-order derivatives (β jjz , j = x, y) are computed using a six point formula with field strengths of ±2hẑ, ±2h(ẑ +ĵ), and ±2h(ẑ −ĵ).
III. RESULTS AND DISCUSSION

A. Multireference considerations
In reference 17 we proposed a number of energy-based diagnostics for the importance of nondynamical correlation that are specifically designed for thermochemical purposes. In particular, the %TAE e [(T)] diagnostic, i.e. the percentage of the total atomization energy accounted for by parenthetical connected triple excitations, proved to be a very efficient and cost-effective a priori diagnostic:
where For the monohydrides, the effect of theT 4 excitations is rather modest, the bond lengths increasing by only 0.00-0.03 pm and the RMSD being reduced from 0.04 to 0.03 pm.
As expected, connected quintuple excitations have essentially no effect on the internuclear distances of the hydride systems. For the nonhydride systems the bond lengths generally increase by 0.00-0.05 pm upon inclusion of theT 5 excitations. .
For a few systems we were able to obtain potential curves at the W4.2 and W4.3 levels (see Table I ). Adding theT 3 −(T) correction to the core-valence contribution in W4.2 theory has little effect on the bond distances, namely r e is increased by 0.02 and 0.03 pm for and HCl, respectively.
C. Harmonic frequencies (ω e ) of diatomic molecules
The harmonic frequencies at the W4 (and related) levels are given in Table II an improvement by nearly one order of magnitude (!). This clearly demonstrates that connected quadruple excitations are essential for obtaining the harmonic frequencies with near-spectroscopic accuracy.
As expected, connected quintuple excitations,T 5 , have little or no effect for the hydrides:
the biggest changes are seen for OH and HF for which ω e is reduced by merely 0.1 cm −1 .
For the nonhydridesT 5 excitations change ω e by up to 4 cm Finally, a word is due on the effect of the DBOC correction on the harmonic frequencies.
For the monohydride systems the DBOC reduces ω e across the board, again more appreciably so for the lighter hydrides within each row. Specifically, the DBOC reduces ω e by 2.1, 1.8, 1.4, 0.9, and 0.3 cm −1 for the first-row hydrides BH, CH, NH, OH, and HF, respectively, and by 1.1, 1.0, 0.9, 0.7, and 0.5 cm −1 for the second-row hydrides AlH, SiH, PH, SH, and HCl, respectively. For the nonhydrides the DBOC negligibly increases the harmonic frequencies by <0.01 cm −1 , the biggest change of +0.08 cm −1 being found for O 2 .
D. First anharmonicity constant (ω e x e ) of diatomic molecules for ω e y e .
F. Vibration-rotation coupling constant (α e ) of diatomic molecules We suspected that the large discrepancies seen for the ionic BN and BeO molecules are 
H. Triatomic systems
The W4 equilibrium geometries, harmonic frequencies, and fundamental frequencies of and experiment is clearly fortuitous). It is likely that the counterintuitive deterioration in agreement with experiment upon inclusion of the connected quadruple excitations is due to basis set deficiencies. The hypersensitivity of ω 3 to the treatment of connected quadruple excitations has been noted in Ref. 58 Determination of ω 3 requires evaluation of the energy at only one point (in C s symmetry) aside from the equilibrium C 2v structure.
We were able to obtain the CCSDTQ/cc-pVTZ(no f 1d) energies at these two points -ccpVTZ(no f 1d) denotes the sp part of the cc-pVTZ basis set combined with the d function from the cc-pVDZ basis set. Replacing theT 4 term in W4 theory withT 4 /cc-pVTZ(no f 1d) results in an asymmetric stretch of 1078.1 cm −1 , i.e. the error from experiment is reduced by more than 50%. Additionally upgrading the basis set for the parenthetical connected quadruple excitations to cc-pVTZ (i.e.,T 4 =CCSDT(Q)/cc-pVTZ-CCSDT/ccpVTZ+CCSDTQ/cc-pVTZ(no f 1d)-CCSDT(Q)/cc-pVTZ(no f 1d)) results in a minor lowering of the asymmetric stretch by ∼1 cm −1 , and a further improvement in the basis set to the cc-pVQZ(no g 1f) basis set has a similar effect. Unfortunately, carrying out the fully iterative CCSDTQ/cc-pVTZ calculations is beyond the capabilities of our current computational resources, these calculations involving 5×10 9 and 10.5×10 9 amplitudes in C 2v
and C s symmetries, respectively.
It is appropriate to note, at this point, that -in spite of the difficulties the potential energy surface of ozone presents for W4 theory -W4 performs very well for the thermochemistry of O 3 . In particular, the post-CCSD(T) components are practically converged at the W4 level, as evident from very small differences between W4 and W4.3
theories. The post-CCSD(T) contributions to the total atomization energy of ozone in W4 while basis set convergence is faster for second-order properties (e.g. frequencies) than for the energy, n-particle treatment convergence is arguably slower.
I. Electrical properties
Fairly accurate experimental dipole moments are available for some of the molecules considered in the present work; however, for the higher-order properties (α and β) accurate experimental data are much more scarce. Furthermore, direct comparison between theory and experiment is hampered by the fact that the theoretical values correspond to the static limit, whereas the experimental values are generally frequency-dependent. Thus, we will not attempt to quantify the reliability of W4 theory against experimental data; our intent is rather to investigate the effects of core-valence and post-CCSD(T) contributions on the electrical properties. Table VIII respectively. However, for most of the systems in Table IX, 
J. Conclusions
For a chemically diverse set of 28 first-and second-row diatomic molecules for which very accurate experimental spectroscopic constants are available W4 theory is capable of spectroscopically accurate predictions. Specifically, the RMSD from experiment are 0.04 pm for r e , 1.03 cm −1 for ω e , 0.20 cm −1 for ω e x e , 0.10 cm −1 for ω e y e , and 0.001 cm −1 for α e .
Core-valence and post-CCSD(T) contributions have little effect on ω e x e and α e , and especially on ω e y e . As for r e and ω e , higher-order triple excitations, The present study also considers water, carbon dioxide, and ozone. The experimental geometries and harmonic frequencies (with the exception of the asymmetric mode of ozone) are reproduced relatively accurately at the W4 level. However, the asymmetric stretch of ozone, which exhibits severe nondynamical character, is underestimated by as much as 20 cm −1 at the W4 level. This deviation is reduced by more than 50% when the connected quadruples,T 4 , term in W4 theory is calculated with the cc-pVTZ(no f 1d) basis set.
We also calculated the dipole moments (µ), polarizabilities (α), and first hyperpolarizabilities (β). We find that: (i) excluding the pathologically multireference systems, the post-CCSD(T) contributions are of little importance for these electrical properties; (ii) the corevalence and DBOC contributions are also of little importance in most cases; and (iii) that the sensitivity to post-CCSD(T) effects, particularly for systems with significant nondynamical correlation, increases with increasing order of derivative with respect to the static electric field, i.e., in the order: µ < α < β.
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